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INTERFEROMETER APPARATUS AND METHOD OF PROCESSING A 
SUBSTRATE HAVING AN OPTICAL SURFACE 

Background of the Invention 
1. Field of the Invention 

The present invention relates to the field of measuring and 
manufacturing optical surfaces. In particular the invention 
relates to an interferometer apparatus for measuring an 
optical surface and to a method for qualifying and 
manufacturing an optical surface by using the interferometer 
apparatus . 

2 . Brief Description of Related Art 

The substrate having the optical surface is, for example, an 
optical component such as an optical lens or . an optical 
mirror used in optical systems, such as telescopes used in 
astronomy, or systems used for imaging structures of a mask 
("reticle") onto a radiation sensitive substrate ("resist") 
in a lithographic method. The success of such an optical 
system is substantially determined by the precision with 
which the optical surface can be machined or manufactured to 
have a target shape. In such manufacture it is necessary to 
compare the shape of the machined optical surface with its 
target shape, and to determine differences between the 
machined and target surfaces. The optical surface is then 
further machined at those portions where differences between 
the machined and target surfaces exceed e.g. a predefined 
threshold. 

Interf erometric apparatuses are commonly used for high 
precision measurements of optical surfaces. Examples of such 



apparatus are disclosed in US 4,732,483, US 4,340,306, 
US 5,473,434, US 5,777,741, US 5,488,477, which documents are 
incorporated herein by reference. 

It has been found that results achieved with the conventional 
interf erometric apparatus and method are not completely 
satisfactory, in particular when the optical surface to be 
measured has a relatively strong curvature, i.e. a lower 
modulus of the radius of curvature (curvature = 1 /radius) . An 
example of a high precision measurement of a spherical 
surface according to \ the prior art is illustrated with 
reference to figure 1 in the following. 

In this example an interf erometric apparatus 1 of the Fizeau- 
type is used. The apparatus comprises a laser light source 3 
emitting a beam of measuring light 5 which is linearly 
polarized by a polarizer 7 and thereafter passed through a 
quarter wave plate 9 such that the beam 5 downstream of the 
quarter wave plate 9 is circularly polarized. A focussing 
lens 11 provides a focus of the beam within a pinhole of an 
aperture 13 such that a diverging beam 15 of measuring light 
is formed. In interferometer optics 17 transforms diverging 
beam 15 to a strongly converging beam 19 such that a focus 21 
of the measuring light is formed on an optical axis 23 of 
interferometer optics 17. Wavefronts in converging beam 19 
are substantially spherical wavefronts. The interferometer 
optics 17 comprises a collimating lens 25 forming a parallel 
beam 26, and a further focussing lens 27. Lens 27 has a 
concave spherical surface 28 having a center of curvature 
which coincides with focus 21. Surface 28 is used as a 
reference Fizeau surface of the interferometer apparatus 1, 
i.e. wavefronts of the measuring light reflected from surface 
2 8 travel back the beam path, are reflected from a 
semitransparent mirror 3 0 and imaged onto a light sensitive 
substrate 31 of a CCD-camera using a camera optics 32. 



A lens 3 3 having a convex spherical surface 3 4 to be measured 
is positioned in converging beam 19 such that a center of 
curvature of spherical surface 34 substantially coincides 
with focus 21. Wavefronts reflected back from surface 34 are 
also imaged on detector 31 and form an interference pattern 
with the wavefronts reflected back from surface 28 on the 
detector. A first measuring result \N, obtained by camera 31 
may be. written as 

w^Wr + w-t+Ws, (1) 

wherein W R is a reference arm wavefront, W T is a test arm 
wavefront and W s is the test surface wavefront (see also 
Daniel Malacara, Optical Shop Testing, 2nd edition, Wiley 
interscience Publication (1992)). 

Thereafter lens 33 is rotated by. 180 ° about optical axis 23 
such that a mark 3 5 shown in figure la at the top of lens 3 3 
is at the bottom as shown in figure lb. A second measurement 
obtained in this position may be written as 

W 2 =W R + W T + W^ 80 ° , (2) 

wherein Wg 80 ° represents the test surface wavefront with the 
test surface rotated by 180 ° . 

In a third measurement lens 33 is positioned such in 
converging beam 19 that the vertex of surface 34 is 
positioned at the focus 21. Such arrangement is also referred 
to as "cat's eye" arrangement. A third measuring result may 
be written as 



w 3 = w R +|(w T +w^ 80 °). 
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From W 1t W 2 and W 3 the desired test surface wavef ront may be 
calculatd as 

W s ^^(w^W^^-Wa-W^ 800 ), (4) 

5 

wherein W 2 represent the images W 2 and W 3/ respectively, 
which are numerically rotated by 180 °. 

The interferometer errors can be written as 

10 

W; =~(w 1 ~W^ 80o +W 3 + W^ 8()o ) i (5) 

With the above method it is possible to determine deviations 
of surface 34 from its spherical target shape, and it is also 
15 possible to calibrate the interferometer optics by 
determining deviations of the wavefront shapes in converging 
beam 19 from their desired spherical shape and determining 
deviations of the Fizeau surface 28 from its spherical shape. 

20 As already mentioned above, also the interf erometric 
apparatus and method illustrated with reference to figure 1 
has drawbacks when the measured surfaces have a large 
diameter and a small modulus of the radius of curvature. This 
results in an insufficient quality of a manufactured optical 

25 component . 

Summary of the Invention 

It is an object of the present invention to provide an 
interf erometric apparatus and method for improving 
30 measurement of optical surfaces. 

Further, it is an object of the present invention to provide 
an improved method of manufacturing optical components. 



The forgoing objects are accomplished by providing an 
interf erometric apparatus and method using a beam of 
measuring light which has an improved distribution of 
polarization states thereof across the beam cross section. In 
general, the beam of measuring light has at each location in 
a cross section thereof a radial component polarized in a 
direction radially oriented with respect to a beam axis, and 
a tangential component in a direction orthogonal to the 
radial component . 

According to a first preferred aspect of the invention the 
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measuring light is such that the tangential component 
continuously increases relative to the radial component with 
increasing distance from the beam axis. 

According to a preferred embodiment the interferometer 
apparatus comprises a polarization system including a 
polarization changing member positioned in the beam of 
measuring light, wherein the polarization changing member 
introduces a relative suppression of the radial component or 
the tangential component of the light of the beam of 
measuring light with respect to the other component wherein 
an amount of the suppression gradually increases with 
increasing distance from the beam axis. 

Preferably, it is the tangential component which is 
suppressed by the polarization changing member with 
increasing distance from the beam axis, and a half wave plate 
is positioned in the beam of measuring light downstream of 
the polarization changing member for rotating the resulting 
distribution due to the polarizing changing member to form 
the desired distribution. 



Preferably, the polarization changing member comprises a 
dome-shaped optical interface. The interface is preferably- 
provided with a plurality of dielectric layers. 

According to a further preferred embodiment the 
interferometer apparatus comprises a polarization system 
including a polarization changing member which introduces a 
relative suppression of the. radial component or the 
tangential component of the light of the beam of measuring 
light with respect to the other component and/or introduces a 
phase shift between the radial component and the tangential 
component, wherein the polarization changing member is 
rotatable about the beam axis, wherein a mask is provided 
which is rotatably connected with the polarization changing 
member, wherein the mask comprises at least one sector 
blocking the . light of the beam wherein the sector extends in 
a circumferential direction about the beam axis over more 
than 140 °. The mask (defines the cross section of the beam 
downstream of the mask, and this cross section is preferably 
sector- shaped and extends over less than 3 0 ° in the 
circumferential direction. 

According to a further preferred embodiment the cross section 
has a shape of two such sectors spaced apart by 180 ° about 
the beam axis. 

According to a further preferred embodiment the polarization 
changing member comprises a plurality of sectors spaced apart 
in the circumferential direction about the beam axis wherein 
each sector introduces a substantially same suppression 
and/or phase shift. 

According to a second preferred aspect of the present 
invention the beam of measuring light has a predefined 
distribution of polarization states across its cross section, 
and such distribution of polarization states is rotated about 



the beam axis for averaging over different polarization 
states. 

According to a preferred embodiment the interferometer 
apparatus comprises a polarization system including a 
polarization changing ' member introducing a relative 
suppression of the radial component or the tangential 
component of the light of the beam of measuring light with 
respect to the other component and/or the polarization 
changing member introducing a phase shift between the radial 
component and the tangential component, and wherein the 
polarization changing member is rotatable about the beam 
axis. 

Preferably, the light of the beam of measuring light is 
linearly polarized in a same direction across the whole cross 
section of the beam. 

According to a third preferred aspect of the invention a 
mirror used in a cat 1 s eye arrangement is chosen such that it 
has a reduced influence on polarization states of the light 
of the beam of measuring light at high angles of incidence. 
Preferably, such property of the mirror is obtained by 
providing the mirror surface with a plurality of suitably 
chosen dielectric layers. 

Further, it is preferred that the mirror surface is provided 
on a metal substrate. 

According to a fourth preferred embodiment, the 
interferometer apparatus comprises an auxiliary optics for 
reducing incidence angles of the beam of measuring light when 
the same is incident on the mirror surface in the focus of 
the cat 1 s eye arrangement . 
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An embodiment of the method of qualifying or manufacturing 
the optical surface makes use of the above interf erometric 
methods and apparatuses. 

The method of manufacturing the optical surface preferably 
includes machining of the optical surface after measuring the 
same, wherein the machining is performed in dependence of 
deviations of the measured optical surface from its target 
shape . 

According to a preferred embodiment the method of 
manufacturing includes a final finishing of the machined 
optical surface. 

Brief description of the drawings 

The forgoing as well as other advantageous features of the 
invention will be more apparent from the following detailed 
description of exemplary embodiments of the invention with 
reference to the accompanying drawings , wherein: 

illustrates a prior art interf erometric method 
for qualifying a substrate having an optical 
surface; 

illustrates a distribution of polarization states 
in a beam of measuring light used in the 
apparatus according to figure 1; 

illustrates an influence of a mirror on the 
polarization states of measuring light as 
illustrated in figure 2; 

illustrates a distribution of polarization states 
in the beam of measuring light according to an 
embodiment of the present invention; 



Figure 1 



Figure 2 



Figure 3 



Figure 4 



Figure 5 illustrates an interferometer apparatus according 
to an embodiment of the present invention; 

Figure 6 illustrates components of a polarization system 
of the apparatus according to figure 5/ 
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Figure 7 illustrates a portion of an interferometer 
apparatus according to a further embodiment of 
the invention; 

Figure 8 illustrates a component of polarization system of 
the apparatus according to figure 7; 



Figure 9 



15 
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Figure 10 



Figure 11 



illustrates a portion of an interferometer 
apparatus according to a still further embodiment 
of the invention; 

illustrates a component of a polarization system 
of the apparatus according to figure 9; 

illustrates a portion of an interferometer 
apparatus according to a further embodiment of 
the invention; 



25 Figure 12 



illustrates a distribution of polarization states 
in a beam of measuring light of the apparatus of 
figure 11; 



Figure 13 illustrates a portion of an interferometer 
30 apparatus according to a still further embodiment 

of the invention; 
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Figure 14 



is a schematical section of a polarization 
changing member of the apparatus according to 
figure 13; 
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Figure 15 is a graph for illustrating dielectric layer 
properties of layers used in the polarization 
changing member shown in figure 14; 

Figure 16 is a variant of figure 15; 

Figure 17 is a further variant of figure 15; 

Figure 18 illustrates an embodiment of a polarization 
changing member which may be used in the 
apparatus according to figure 13; and 

Figure 19 illustrates an interferometer apparatus according 
to. a further embodiment of the invention. 

Detailed Description of Exemplary Embodiments 

In the embodiments described below, components with are 
identical in function and structure are designated as far as 
possible by the same reference numerals. Therefore, to 
understand the features of the individual components of a 
specific embodiment, the descriptions of other embodiments 
should be referred to. 

A drawback of the conventional method illustrated above with 
reference to figure 1 will now be illustrated with reference 
to figures 2 and 3. It is to be noted that the illustrated 
prior art method is just one suitable example for 
illustrating such drawbacks resulting from polarization 
effects in the beam of the measuring light. 

The invention obviating such drawbacks is, however, not 
limited to the apparatus and method illustrated in figure 1 
and may be applied to any interferometer apparatus and 
method. 
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Figure 2 shows a distribution of polarization states of the 
light of beam 15, 26, 19 of measuring light in figure lc 
before the beam is incident on mirror 34 positioned at focus 
21. The light of the beam is at first linearly polarized 
across its whole cross section by polarizer 7. The linear 
polarization is changed to a circular polarization by passing 
the beam through quarter wave plate 9 . Figure 2 shows with a 
plurality of circles that a constant right circular 
polarization state is achieved over the whole cross section, 
of converging beam 19. 

At each location in the cross section of beam 19 the light 
has. a radial component r and a tangential component t. When 
the light is circularly polarized both components r and t have 
the same size and a phase shift such that the electrical 
field vector rotates in the propagation direction. 

Figure 3 illustrates the distribution of the polarization 
states after reflection at mirror 34 in the cat's eye 
arrangement. In the center of the beam the light is normally 
incident on mirror 34, and the polarization state is 
substantially unchanged, i.e. a circular polarization state 
in a region around axis 23 . With increasing distance from the 
optical axis 2 3 the incidence angles of the light of the beam 
of measuring light 19 increase. With increasing incidence 
angle the reflection at the mirror surface introduces higher 
and higher polarization dependent effects. 

At higher angles of incidence the radial component of the 
polarization is reduced relative to the tangential component 
such that the circular polarization state is disturbed, and a 
phase shift between the radial and tangential polarization 
components may be introduced by the reflection such that the 
circular polarization state is further reduced. When the 
angle of incidence is close to the Brewster's angle the 
radial polarization component is completely suppressed. 
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From figure 3 it appears that the circular polarization state 
is unchanged in the center on the optical axis 23 wherein the 
polarization states get more and more elliptic with 
increasing distance from axis 23 wherein a main axis of the 
'ellipses are tilted by an angle a with respect to the radial 
direction. 

In general, a Fizeau interferometer as shown in figure 1 has 
the advantage that an effect of the interferometer optics 17 
on the test beam reflected from the-; surface under test is 
compensated since the reference beam reflected from the 
Fizeau surface travels through the same optics. This 
advantage is reduced with polarization dependent effects as 
illustrated in figure 3 due to the different relative 
intensities of the radial and tangential polarization 
components in the test beam and the reference beam. The test 
beam has reduced radial components at higher distances from 
the optical axis whereas the test beam reflected from the 
Fizeau surface does not show such reduction of the radial 
components since the reflection at the Fizeau surface takes 
place under normal incidence. Further, phase shifts induced 
at higher angles of incidence are interpreted as curvatures 
in the field when evaluating the interference fringes. 

According to an embodiment of the invention a distribution of 
polarization states of the light of beam 19 is prepared as 
illustrated in figure 4. On the optical axis 29 the light is 
circular polarized light . With increasing distance from the 
axis 2 9 a radial component of the polarization is 
continuously reduced such that the tangential component gets 
more and more dominant, and in the outer regions of the beam 
the light is linearly polarized light in the tangential 
direction. With such distribution of the polarization states 
in the beam of measuring light the adverse effect under 
higher angles of incidence illustrated above are noticeably 
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linearly reduced. At the highest angles of incidence the 
light is polarized in the tangential direction and the 
suppression of the radial component induced by the mirror in 
the cat's eye arrangement will have a reduced effect, 
accordingly. 

It is to be noted that the distribution of the polarization 
states as illustrated in figure 4 is not only of advantage in 
the cat's eye arrangement of figure lc. Such distribution is 
of advantage in any interferometer apparatus where the beam 
of measuring light is reflected from or penetrates optical 
surfaces under high angles of incidence. 

An interferometer apparatus using a beam of measuring light 
having a distribution of polarization states as shown in 
figure 4 is illustrated with reference to figures 5 and 6 in 
the following. The interferometer apparatus 1 shown in figure 
5 comprises a laser light source 3 emitting a beam 5 of 
measuring light 5 which is linearly polarized in a same 
direction across its cross section by a linear polarizer 7. 
The beam is focused by a collimating lens 11 into a pinhole 
of an aperture 13 . Thereafter the diverging beam emitted from 
the pinhole is formed to a parallel beam 41 by a further 
collimating lens 42. A half wave plate 43 is mounted in a 
rotational bearing 44 to be rotatable about an optical axis 
23 of the interferometer apparatus 1. A motor 45 and a 
suitable gear 46 is provided for rotating half wave plate 43 
about the axis 23 at a constant speed. The beam passing half 
wave plate 43 is also linearly polarized across its whole 
cross section wherein the polarization direction rotates 
about the optical axis 23 with twice the speed of rotation of 
plate 43. Downstream of plate 43 a mask 47 is mounted on a 
rotational bearing 48 to be rotatable about the axis 23. A 
motor 49 and a gear 50 is provided to rotate the mask 47 
about the axis 23 with twice the speed of rotation of plate 
43 . 
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A shape Of mask 47 is illustrated in figure 6. The mask 47 
has a vertical axis of symmetry in figure 6 and blocks the 
beam across its whole cross section except for two sectors 51 
having an opening angle of about 25 ° and positioned 
symmetrically with respect to optical axis 23 wherein a 
minimum width of the aperture is maintained in a region 
around the optical axis 23 . 

Motors 45 and 49 are synchronized such that the light is 
polarized in a direction orthogonal to a sytnmetry axis of 
mask 47.. The polarization direction of the light is 
illustrated in figure 6 by lines 52. By rotating half wave 
plate 43 and mask 4 7 as illustrated above the arrangement of 
mask 47 and polarizations 52 as shown in figure 6 is rotated 
about the optical axis as indicated by arrow 53 . Within one 
revolution of the arrangement of figure 6 peripheral portions 
of the cross section of the beam downstream of mask 4 7 are 
illuminated with light which is substantially polarized in a 
tangential direction with respect to the optical axis 23, and 
a central portion of the cross section is illuminated with 
light oriented in all directions, i.e. both radial and 
tangential directions. The distribution of polarization 
states, averaged over time, will have a configuration as 
shown in figure 4 . 

This light is passed through a further collimating lens 55, 
an averaging plate 56 and a pinhole of a further aperture 57 
to form a diverging beam 15 entering an interferometer optics 
17 comprising collimating lenses 25, 58 and 27 to form a 
converging beam 19 of measuring light forming a focus 21. 
Lens 27 has a concave spherical surface 28 forming a Fizeau 
surface of the interferometer apparatus 1 . Figure 5 shows the 
apparatus with a mirror 59 positioned in the cat's eye 
arrangement at focus 21. Wavefronts reflected back from 
mirror 59 and wavefronts reflected back from Fizeau surface 
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28 are imaged on a detector 31 by a camera optics 32 after 
reflection from a semitransparent mirror 3 0 positioned in 
diverging beam 15. The arrangement of mask 47 and 
polarizations 52 of figure 6 may perform one or more 
revolutions during one integration cycle of camera 31. With 
the above arrangement the light of converging beam 19 which 
is incident on mirror 5 9 under higher angles of incidence is 
substantially polarized in the tangential direction, thus 
reducing disturbing effects induced by the suppression of the 
radial component in . the reflection from mirror 59. 

Figures 7 and 8 Illustrate an embodiment which is similar to 
that illustrated with reference to figures 5 and 6 . Again, a 
parallel beam 41 of linear polarized light is formed by a 
laser light source 3, a linear polarizer 7, a collimating 
lens 11, a pinhole aperture 13 and a collimating lens 42. A 
quarter wave plate 61 is fixedly mounted in linearly 
polarized beam 41 such that the beam after passing quarter 
wave plate 61 is a beam of circularly polarized light. In 
this beam a combination of a quarter wave plate 62 and a mask 
63 is rotatably mounted about optical axis 2 3 on rotating 
bearings 48 driven by a motor 49 and gear 50. As shown in 
figure 8 mask 63 has a shape similar to that of mask 47 in 
figure 6. A main direction of quarter wave plate 62 relative 
to mask 63 is indicated by arrows 67 in figure 8 . The 
circularly polarized light passing quarter wave plate 62 will 
be polarized in a horizontal direction of figure 8, i.e. in a 
same direction with respect to mask 63 as indicated by lines 
52 in figure 6. Thus, the apparatus shown in figure 7 has 
substantially a same effect as that illustrated with 
reference to figure 5 above. 

A further variant of the apparatus shown in figure 5 will be 
illustrated with reference to figures 9 and 10 below. 
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An interferometer apparatus 1 shown in figure 9 has a 
structure similar to the apparatus illustrated with reference 
to figure 7 above. A beam of linearly polarized light 41 is 
formed to be a beam of circularly polarized light by passing 
through a quarter wave plate 61. In this beam a multi section 
plate 69 is rotated about an optical axis 23. 

Figure 10 is an elevational view on multi section plate 69. 
Plate 69 comprises a plurality of quarter wave plates 71, 
each having a main axis of orientation as indicated by an 
arrow 67. Each plate 71 has -: a shape which is close to a 
sector shape with respect to the optical axis 23 wherein most 
of the plates do not extend to axis 23 except two plates 71 
which extend to the optical axis 23 and further comprise a 
portion around axis 23. There are plates which extend from 
the periphery of plate 6 9 to terminate at larger and smaller 
distances from the optical axis 23. These differences in 
extension towards the optical axis are provided for reducing 
a non-steady distribution of the polarization states averaged 
after one revolution of multi sector plate 69. In the average 
the distribution of the polarization states will be close to 
the distribution shown in figure 4. 

Figure 11 shows a portion of a further embodiment of an 
interferometer apparatus 1. A beam 5 of circularly polarized 
light is provided by a laser light source 3, a linear 
polarizer 7 and a quarter wave plate 9. The beam is focused 
through a pinhole 13 and collimated by a spherical meniscus 
lens 75 having a convex surface 76 and a concave surface 77. 
Convex spherical surface 76 is provided with a layer similar 
to such layers used in polarizing beam splitters. This 
results in a distribution of polarization states in beam 41 
having passed the lens 75 as illustrated in figure 12. A 
central beam which is normally incident on surface 76 is 
substantially not effected and maintaines its circular 
polarization state. Peripheral beams which are incident on 
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surface 76 under a high angle of incidence are substantially 
completely polarized in a radial direction with respect to 
the optical axis 23. Intermediate beams are elliptically 
polarized with a main axis oriented in the radial direction. 

5 

A" quartz crystal plate 79 is positioned in beam 41 downstream 
of polarizing surface 76. A thickness of plate 79 is 
determined such that the plate rotates the direction of 
orientation of the polarization of the light by 90 °, and the 
10 distribution of polarization states will be transformed from 
that shown in figure 12 to that shown an figure 4. Thus, the 
beam having passed plate 79 may be used in the 
interf erometric method for reducing polarization changing 
effects of optical surfaces with high angles of incidence. 

15 

Cuvets with liquids such as solutions of sugar and menthol 
may perform a similar function as quartz plate 79 shown in 
Figure 11. 

20 Since polarizing surface 76 reduces the intensity in the beam 
of measuring light at the periphery thereof an intensity 
compensating layer may be provided on surface 77 of lens 75. 
The compensating layer has an absorption which increases with 
reducing distance from axis 23 . 

25 

The polarizing function of the polarizing layer may be 
increased when such polarizing layer is provided on a surface 
81 of a dome-shaped optical member 83 as shown in figure 13. 
Member 83 is provided in the beam path of a beam 41 of 

30 circularly polarized light collimated by a collimating lens 
42. Surfaces 81 and 85 of member 83 have a parabolic shape 
resulting in higher angles of incidence on surface 81 at 
larger distances from optical axis 23. Member 83 may be 
formed of quartz glass or plastics having low internal stress 

35 and low birefringence. Outer surface 81 of member 83 is 
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provided with a plurality 87 of alternating dielectric layers 
as schematically illustrated in Figure 14. 

Figure 14 indicates a peripheral region I of the layer 
structure, a central region III close to the optical axis 23 
and an intermediate region II. In the peripheral region I 
layers 8 7 have a thickness corresponding to half of the 
wavelength of the light of beam 41. The layers in the 
peripheral portion substantially completely block light 
polarized in the tangential direction from passing through 
member 83. If the same layers are provided in central portion 
III, the layer structure 87 would be completely reflective in 
the central portion. Therefor, the composition of the layers 
is continuously changed from the peripheral portion I to the 
central portion III as illustrated in the table below. 

Table 





1 


II 


II 




1 

2 


Zr0 2 
Si0 2 


Zr0 2 + Al 2 0 3 
Si0 2 + Al 2 0 3 


Al 2 0 3 
Al 2 0 3 




3 
4 


ZrO z 
Si0 2 


Zr0 2 + A| 2 0 3 
Si0 2 + Ai 2 0 3 


Al 2 0 3 
Al 2 0 3 















In the peripheral portion the layers are alternating layers 
of Zr0 2 having a refractive index of 2.05, and of Si0 2 having 
a refractive index of 1.46. In the intermediate portion II 
with reducing distance from axis 23 more and more A1 2 0 3 is 
mixed with Zr0 2 to reduce the refractive index of the layer, 
and more and more A1 2 0 3 is mixed into Si0 2 to more and more 
increase the refractive index of the corresponding layers. In 
the central portion III all layers are substantially made of 
A1 2 0 3 having a refractive index of 1.7. A distribution of the 
refractive indices in dependence of the distance r from the 
optical axis of the two types of material layers is 
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illustrated in figure 15. Due to such dependency the 
plurality of layers 87 shows a substantially completely 
polarizing function in the peripheral portion I, and the 
plurality of layers is not completely reflective in central 
portion III. A further example of a material having a low 
refractive index is Chiolith with a refractive index of 1.32. 
It is to be noted that changing the refractive index in the 
direction of the layer by changing the composition of the 
layer involves changing the geometrical thickness of the 
layer while maintaining its optical thickness at A,/4.. 

D-5 n ez ^5 1 n V, /-vt.i -P-in^t-U^-^ ^ ^ ^ A A 1 -! ^ — \ ^ ^ ^ -P a -v 1 

x>* a.y uxcd _i_ kj anu _i_ / onw w j_ l-iicx £^v_/o o _l Jw^-l _i_ _i_ i_ _l ^ o ^ a_ iau±aj. 

dependencies of refractive indices of alternating layers of a 
layer structure 87. Such dependencies may be also obtained by 
mixing Zr0 2 and Si0 2 within a same layer. Also other 
dielectric materials may be used to obtain a same or similar 
function . 

Figure 18 shows a further embodiment of a polarizing member 
91 which may be used as a carrier for a polarizing layer, 
similar to lens 75 with surface 76 in figure 12, or dome- 
shaped member 83 with surface 81 shown in figure 13. Member 
91 shown in figure 18 is made of a glass block 92 having a 
convex parabolic surface 93 and a glass block 94 having a 
concave parabolic surface 95. Convex surface 93 carries a 
polarizing layer structure such as illustrated with reference 
to figures 14 to 17. Blocks 92 and 94 are cemented together 
using a cement having substantially the same refractive index 
as the material of which blocks 92 and 94 are formed. These 
materials may comprise quartz glass having low internal 
stress and birefringence, or a so-called " Pockels 1 glass" 
showing a very low birefringence. Such glass may be obtained 
under the tradename SF57 from SCHOTT, Germany. 

Now, reference is made to figure 5 again. With this apparatus 
a measuring procedure as illustrated with reference to 
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figures la, lb and lc may be performed wherein polarizing 
effects of the mirror are reduced by preparing polarization 
states of the light of the beam of measuring light as shown 
in figure 4. A further reduction of polarization effects in 
the cat's eye arrangement may be obtained by positioning 
mirror 59 at focus 21 which mirror 59 is different from 
surface 43 under test. Mirror 59 is provided with alternating 
dielectric layers designed such that the polarizing effects 
under high angles of incidence are reduced. Alternatively, 
mirror 59 may be made of metal having a complex refractive 
index resulting in a nonvanishing reflective index at the 
Brewster's angle. A particularly suitable metal material is 
silver wherein the silver surface is polished to a high 
optical quality. A coating of a few nanometers with Si0 2 on 
the silver surface will have substantially no noticeable 
optical effect and protect the surface from corrosion. 

The interferometer apparatus and method illustrated sofar has 
substantial advantages with respect to polarization dependent 
effects. Still, some polarization dependent effects remain in 
such apparatus and may be further improved as illustrated in 
the following. Such remaining effects are caused by the 
interferometer optics 17 itself. The glass material used for 
lenses 25, 58 and 27 will have remaining internal stresses 
causing birefringence. Such birefringence will contribute to 
the interf erometric measurement and can be. reduced by using 
an interferometer apparatus as illustrated in figure 19. 

A beam of measuring light 41 provided by a laser light source 
3, a linear polarizer 7, a collimator 11, a pinhole aperture 
13 and a collimator 42 is formed to be circularly polarized 
light by a quarter wave plate 91. A combination of a quarter 
wave plate 92 and a linear polarizer 93 is rotatably mounted 
with respect to optical axis 23 by a bearing 48, a motor 4 9 
and gear 50. Quarter wave plate 92 transforms the circularly 
polarized light to linear polarized light which is further 
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polarized by polarizer 93 . No limiting mask is provided such 
that the beam after passing polarizer 93 is linearly- 
polarized in a same direction across the whole cross section 
of the beam. The polarization direction rotates about optical 
axis 23. While performing interf erometric measurements with a 
substrate 35 under test or mirror 59 at focus 21 the 
measurements are performed with plural polarization 
directions. For instance, 1000 or more images with camera 31 
may be taken while successively completing one revolution of 
linear polarizer 93. Thereafter, the plurality of images may 
be averaged using a computer, thus averaging out 
contributions caused by birefringence in the interferometer 
optics 17 from the measuring result. 

Alternatively, quarter wave plate 91 may be omitted, and the 
combination of quarter wave plate 92 and polarizer 93 may be 
replaced by a half wave plate, . resulting in a linearly 
polarized beam rotating about optical axis 23 with twice the 
speed of rotation of the half wave plate. 

Further, linear polarizer 93 of figure 19 may be omitted 
since quarter wave plate 92 performs already a substantially 
complete linear polarization. 

A further embodiment of the interf erometric apparatus and 
method will be illustrated with reference to figure 19 below. 
This method involves an auxiliary optics 101 having a 
plurality of lenses 103 mounted as a barrel 105 to be 
rotatable about optical axis 23 driven by a motor 107 and 
gear 109. Auxiliary optics 101 has on its left side an 
opening angle a equal to that of interferometer optics 17, 
and a left focus of auxiliary optics 101 coincides with focus 
21 of interferometer optics 17. On its right side auxiliary 
optics 101 has an opening angle (i which is lower than left 
opening angle a. When mounted in the beam path downstream of 
interf erometric optics 17 as shown in figure 19, auxiliary 
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optics 101 forms a focus 111 of the beam of measuring light 
of interferometer optics 23. 

In a first calibrating step the interferometer optics 17 used 
in the interferometer 1 shown in figure 19 is calibrated by- 
mounting the optics in the apparatus as shown in figure 5 
which apparatus provides the beam of measuring light having 
substantially tangential polarization at its periphery (see 
figure 4) . The optics is calibrated according to equation (4) 
above by performing a procedure as illustrated in figures la, 
lb and lc with some spherical optical 'surface in figures la 
and lb. Thereafter, calibrated optics . 17 is mounted in the 
interferometer apparatus shown in figure 19 with auxiliary 
optics 101 mounted downstream thereof. Lenses 103 of 
auxiliary optics 101 are made of a glass showing low 
birefringence, such as SF57. In each rotational position of 
auxiliary optics 101 a plurality of measurements is 
performed, each with a different polarization direction of 
the beam of measuring light by rotating bearing 48 and 
averaging to obtain a measuring result for one rotational 
position of auxiliary optics 101. This measurement is 
repeated for a plurality of rotational positions of auxiliary 
optics 101. From the plurality of measuring results 
rotationally symmetric components of deviations of auxiliary 
optics 101 may be determined. Thus, auxiliary optics 101 is 
calibrated. The calibration may be represented by the usual 
Zernike coefficients Z 9 , Z 16 ,.Z 25 , Z 36 , ... 

Thereafter the apparatus shown in figure 19 may be used for 
testing a spherical optical surface 34 of a substrate 35 
shown with broken lines in figure 19. Surface 34 is measured 
in a first position corresponding to figure 1. It is then 
rotated by 180 ° about optical axis 23, and the second 
measurement corresponding to figure lb is performed. 
Thereafter substrate 3 5 is removed from the beam path and the 
third measurement (cat's eye configuration) is performed 
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through auxiliary optics 101 with mirror 59 positioned at 
focus 111: By using auxiliary optics 101 the incidence angles 
of the beam of measuring light on mirror 59 are reduced by 
P/a, resulting in a substantial reduction of polarizing 
effects of mirror 59. The calibration result, of auxiliary 
optics 101 is included in formula (3) above, and deviations 
of optical surface 43 may be determined with high precision 
according to equation (4) above. 

Having qualified optical surface 34 it is then possible to 
identify those regions on surface 34 where deviations from 
the target shape exceed a certain threshold. A machining step 
is then performed to reduce these deviations. The machining 
may comprise polishing or ion beam etching and other methods. 

Thereafter, the above illustrated measurements are repeated 
to determine remaining deviations of surface 34 from its 
target surface. If these deviations still exceed the 
predetermined threshold a further machining step is 
performed.. Otherwise, a finishing step is performed on the 
optical surface 34. The finishing may include a final 
polishing of the surface or depositing a reflection coating 
or an anti-reflection coating. A reflection coating may 
include, for example, a plurality of material layer pairs, 
for example 40 pairs of alternating molybdenum and silicon 
layers or other conventional layers. 

Thicknesses of these latter layers may be about 5 nm and will 
be adapted to a wavelength to be reflected from the optical 
surface, such that a reflection coefficient is substantially 
high. 

An anti-reflection coating which is intended to reduce 
reflections of radiation of an interface of an optical 
element, such as a lens element, may include magnesium 
flouride or lanthanum oxide or other conventional materials. 
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Finally, the reflection coating or antiref lection coating may 
be covered by a cap layer for passivating the reflection 
coating. The cap layer may include a layer formed by 
depositing ruthenium, for example. 

The above mentioned threshold value will differ from the 
application of the optical surface in the optical system for 
which it is designed. For example, if the optical surface is 
a lens surface in an objective for imaging a reticle 
structure onto a resist with radiation of a wave length 
X = 193 nm, such threshold value may be in a range of about 2 
nm to 10 nm, and if the optical surface will be used as a 
mirror surface in an imaging objective using EUV (extreme 
ultraviolet) radiation with a wave length of X = 13.5 nm, the 
threshold value will be in a range of about 0.1 nm to 
1 . 0 nm . 

In the above, where deviations of a target shape are 
determined by an inter f erometric measurement any method for 
interf erogram evaluation may be used. Possible applicable 
methods are disclosed in the book edited by Daniel Malacara, 
Optical Shop Testing, 2nd edition, Wiley interscience 
Publication (1992) . Further, methods of phase shifting 
interf erometry (PSI) may be applied, wherein a plurality of 
interf erograms are analyzed for producing a surface map. 
Examples of phase shifting interf erometry are also presented 
in the book by Malacara mentioned above. The phase shift is 
advantageously generated by varying the wavelength of the 
light providing the interf erometric measuring beam using a 
wavelength tuneable light source. 

It is further to be noted that the optical components 
involved in the above interf erometric methods are subject to 
gravity during measurement. This may result in deformations 
of the surfaces of those components which are fixed in 
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suitable mounts for arranging the components within the beam 
path of the interferometer. Even though the optical axis 23 
is oriented horizontally in figures 1 , 3 and 5, it is also 
possible to perform the same measurements with an optical 
axis oriented vertically in the gravitational field. In any 
event, it is possible to use mathematical methods to simulate 
deformations of the optical components in the gravitational 
field. One such method is known as FEM ("finite element 
method"). All determinations of optical properties and 
deviations illustrated above . may involve taking into account 
results of such mathematical methods for correcting and/or 
improving the determined results. 

Therefore, while the present invention has been shown and 
described herein in what is believed to be the most practical 
and preferred embodiments, it is recognized that departures 
can be made therefrom within the scope of the invention, 
which is therefore not be limited to the details disclosed 
herein but is to be accorded the full scope of the claims so 
as to embrace any and all equivalent methods and apparatus. 



